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NMDA receptors (NMDARs), fundamental to learning and
memory and implicated in certain neurological disorders, are
heterotetrameric complexes composed of two NR1 and two NR2
subunits. The function of synaptic NMDARs in postnatal prin-
cipal forebrain neurons is typically attributed to diheteromeric
NR1/NR2A and NR1/NR2B receptors, despite compelling evi-
dence for triheteromeric NR1/NR2A/NR2B receptors. In syn-
apses, the properties of triheteromeric NMDARs could thus far
not be distinguished from those of mixtures of diheteromeric
NMDARSs. To find a signature of NR1/NR2A/NR2B receptors,
we have employed two gene-targeted mouse lines, expressing
either NR1/NR2A or NR1/NR2B receptors without NR1/NR2A/
NR2B receptors, and compared their synaptic properties with
those of wild type. In acute hippocampal slices of mutants older
than 4 weeks we found a distinct voltage dependence of NMDA
R-mediated excitatory postsynaptic current (NMDA EPSC)
decay time for the two diheteromeric NMDARs. In wild-type
mice, NMDA EPSCs unveiled the NR1/NR2A characteristic for
this voltage-dependent deactivation exclusively, indicating that
the contribution of NR1/NR2B receptors to evoked NMDA
EPSCs is negligible in adult CA3-to-CA1l synapses. The pres-
ence of NR1/NR2A/NR2B receptors was obvious from proper-
ties that could not be explained by a mixture of diheteromeric
NR1/NR2A and NR1/NR2B receptors or by the presence of
NR1/NR2A receptors alone. The decay time for NMDA EPSCs
in wild type was slower than that for NR1/NR2A receptors, and
the sensitivity of NMDA EPSCs to NR2B-directed NMDAR
antagonists was 50%. Thus, NR2B is prominent in adult hip-
pocampal synapses as an integral part of NR1/NR2A/NR2B
receptors.

Among ionotropic glutamate receptors, the function of
NMDA receptors (NMDARs)? is unique because of the
requirement of simultaneous agonist/co-agonist binding and
because of a highly Ca>" -permeable pore, which is controlled in
a voltage-dependent manner. The voltage-dependent Mg>™"
block enables NMDARSs to detect presynaptic glutamate release
and postsynaptic depolarization through somatic or dendritic
spikes. NMDARSs are therefore coincidence detectors of pre-
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and postsynaptic activity. Their function is related to the induc-
tion of synaptic plasticity, various forms of learning and mem-
ory, and several pathophysiological processes (1-3).

Two glycine/serine-binding NR1 (GluN1) and two gluta-
mate-binding NR2 (GluN2) subunits presumably form hetero-
tetrameric NR1/NR2 complexes in which the NR1 subunits
assemble diagonally to each other (4, 5). NR1 shows continuous
and ubiquitous expression in the brain, whereas expression of
the four NR2 subunit genes, NR2A-D, is temporally and spa-
tially regulated (6, 7). The expression of NR2A and NR2C starts
after birth in the forebrain and cerebellum, respectively,
whereas NR2B and NR2D are present already during embry-
onic development. In the hippocampus, NR2C immunoreactiv-
ity cannot be detected throughout development (6, 8), and
NR2D expression decreases postnatally (6) and appears to be
confined to extrasynaptic sites under basal synaptic conditions
(9-11). By contrast, NR2B can be detected in postsynaptic densi-
ties of adult mice by protein isolation, subcellular fractionation,
and immunogold labeling (12—14), and NR2B expression is rela-
tively constant within hippocampal CA1 regardless of postsynap-
tic density size (15). The NR2 subunits endow NMDARs with dis-
tinct biophysical and pharmacological properties, including
deactivation, open probability, strength of Mg>" block, single-
channel conductance, and sensitivity to extracellular allosteric
modulators (1, 16, 17).

Diheteromeric NR1/NR2 receptors have been studied inten-
sively in heterologous systems and in cultured neurons, identi-
fying NR2 subunit-specific synthesis, trafficking, and degrada-
tion pathways (for arecent review, see Ref. 18. In contrast, NR2
subunit-specific roles in the induction of synaptic plasticity (for
review, see Ref. 19) or excitotoxicity (20-22) remain inconclu-
sive, especially in neuronal preparations, which contain di- and
triheteromeric NMDARs as demonstrated by many studies
(23-29). The presence of two different NR2 subunits within
triheteromeric NMDARs could lead to unique receptor prop-
erties, expanding the repertoire of diheteromeric NMDAR sig-
naling. Triheteromeric NMDARs are difficult to isolate bio-
chemically because of the low level of solubility, especially in
older animals (29) and electrophysiologically because of the dif-
ficulty to access single-channel conductances of synaptic
NMDARSs, leaving their abundance, properties, and function
ambiguous.

Expression of NR1, NR2A, and NR2B in adult CA1 pyramidal
cells leads to the formation of NR1/NR2A, NR1/NR2B, and
NR1/NR2A/NR2B receptors. Here, we provide evidence that
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NR1/NR2A/NR2B receptors constitute the major NMDAR
population in adult CA3-to-CA1l synapses. We analyzed sub-
type-specific characteristics of diheteromeric NMDARs in
acute slices of adult mice in which either NR2A was constitu-
tively ablated (NR2A™'7) (30), or NR2B was selectively
removed from principal forebrain neurons (NR2B*?) (31). In
both mouse lines, the expression of other NR2 subunits was not
found to be noticeably affected. This genetic approach com-
bined with the use of pharmacology in wild-type mice allowed
us to decipher the synaptic NMDAR composition in CA1 neu-
rons and may help to identify NMDAR subtypes in other brain
regions.

EXPERIMENTAL PROCEDURES

All experimental procedures were in accordance with the
animal welfare guidelines of the Max Planck Society. Deeply
anesthetized (isoflurane) NR2A™/~ mice (30) (neonatal,
P4 -P6; adult, P27-P48), NR2B**” mice (31) (adult, P41-P48)
and age-matched wild-type mice (WT, C57BL/6) were decapi-
tated and their brains were removed. Transverse or coronal
hippocampal slices (250 wm) were prepared at 4 °C, recovered
for 1 h at 35°C, and maintained at room temperature (22—
25 °C) in artificial cerebrospinal fluid (ACSF) containing 125
mwm NaCl, 25 mm NaHCOj, 2.5 mm KCl, 1.25 mm NaH,PO,, 1
mMm MgCl,, 25 glucose, 2 mm CaCl,; bubbled with 95% O,/5%
CO, (pH 7.3, 320 mOsm). Single slices were transferred to the
recording chamber and perfused continuously with ACSF con-
taining 10 um bicuculline methiodide or 5 um gabazine, 10 um
NBQX, and 10 um glycine. Cells were visualized using an
upright Zeiss Axioskop (Goettingen, Germany). Whole cell
recordings were performed at room temperature, using patch
pipettes pulled from borosilicate glass capillaries with resis-
tances of 3.5—-6.5 megohms when filled with 125 mm cesium
gluconate, 20 mm CsCl, 10 mm NaCl, 10 mm HEPES, 0.2 mm
EGTA, 4 mm MgATP, 0.3 mm Na,GTP, 2.5 mm QX-314Cl (pH
7.3, 270-320 mOsm). Liquid junction potential was not cor-
rected. Series and input resistances were monitored continu-
ously by measuring peak and steady-state currents in response
to hyperpolarizing pulses (—5 mV, 20 ms), and cells were
excluded if series resistance changed by >20%.

Pharmacologically isolated NMDA EPSCs were evoked in
CA1 pyramidal cells by electrical stimulation of Schaffer collat-
erals at 0.1 Hz in stratum radiatum about 150 wm distant from
the CA1 cell body layer with monopolar glass pipettes filled
with 1 M NaCl. NMDA EPSCs were recorded at —40 and +40
mV in the presence of 1 mm Mg>" (ACSF) or following 25 min
of Mg>* washout using nominally Mg>*-free ACSF: 125 mm
NaCl, 25 mm NaHCO3, 2.5 mm KCl, 1.25 mm NaH,PO,, 25 mm
glucose, 2 mm CaCl, (pH 7.3, 310 mOsm). During Mg>* wash-
out, electrical stimulation was preserved at 0.1 Hz. The Mg*"
concentration was determined to be 1.5 um in freshly prepared
Mg " -free ACSF and =4.5 um in ACSF collected following 25
min of slice perfusion (ICP-optical emission spectrometry by
Christian Scholz, University of Heidelberg). In some experi-
ments, the NMDAR antagonist D-APV (Biotrend) or one of the
two NR2B-directed antagonists CP-101,606 (Pfizer) or ifen-
prodil (Sigma) was present. NR2B-directed NMDAR antago-
nists were washed in for 20 min either in the presence or

MARCH 4, 2011+VOLUME 286+NUMBER 9

Molecular Composition of Synaptic NMDA Receptors

absence of Mg>" before their effects on NMDA EPSCs were
determined. Synaptic responses were filtered at 3 kHz and dig-
itized at 10 kHz using the patch clamp amplifier EPC-9 (HEKA,
Lambrecht, Germany), which was controlled by Pulse/Patch-
master software. Visually identified polysynaptic NMDA
EPSCs were excluded, and monosynaptic currents were aver-
aged over 1.5 min of recording. The programs Pulsefit/Fitmas-
ter were used for off-line analysis of peak amplitudes and decay
time. Averaged NMDA EPSCs were fitted biexponentially
(32). These biphasic decay times reflect kinetic heterogeneity
rather than NMDAR subtype heterogeneity (33). To compare
decay times between genotypes weighted Taus (ms) were cal-
culated using the formula Tau,.ghtea Upast/ Uy +
Lo ) Taug, + (Ugow/(Tgow T Ins))*Taug,,,, where I is the
amplitude of the fast or slow component, and Tau is the res-
pective decay time constant (32). For each cell, at least two
Tau,,cigniea Were averaged for each recording condition, before
the voltage dependence of decay was estimated by the ratio
Tau,,ightea at =40 mV divided by Tau, ¢;gneq at +40 mV. Data
are presented as mean * S.E. Statistical significance was evalu-
ated by paired (#) or unpaired (1) Student’s ¢ tests and ANOVA
with Fisher’s least squares difference post hoc analysis (*¥). p <
0.05 was regarded as significant.

RESULTS

Amplitudes of NMDA EPSCs Mediated via Distinct NMDAR
Subtypes Are Similarly Sensitive to Mg>"—Agonist-evoked
currents mediated by recombinant NR1/NR2A receptors deac-
tivate 3—4-fold faster than those mediated by recombinant
NR1/NR2B receptors (1, 34), whereas their sensitivity to extra-
cellular Mg?" is similar (6, 35). To investigate the sensitivity to
Mg>" for different synaptic NMDAR subtypes in acute slices,
we compared the amplitudes of NMDA EPSCs recorded at —40
and +40 mV in hippocampal CA1 neurons before and after
washout of external Mg>*. Diheteromeric NR1/NR2B recep-
tors were investigated in NR2A ™'~ mice (30), and dihetero-
meric NR1/NR2A receptors in conditional NR2B*? mice (31)
to avoid perinatal lethality from complete NR2B knock-out
(36). Di- and triheteromeric NMDARs were investigated in
wild-type mice.

In NR2B**” mice, NR2B is progressively removed over the
first 3 postnatal months from principal forebrain neurons,
including CA1 pyramidal cells. Consequently, 36 of 79 CA1l
neurons recorded in slices from NR2B**” mice showed
NMDA EPSCs with fast decay times (<39 ms in 1 mm Mg>"
at —40 mV) not observed in wild type (39 -87 ms, n = 37). A
subset of the 36 cells from the NR2B**” mice was used for
this project (19-29 ms, n = 9; Table 1). This fast decay time
and the concurrent insensitivity of NMDA EPSCs to the NR2B-
directed NMDAR antagonist CP-101,606 (10 wMm; data not shown)
confirmed that the NMDA EPSCs that we selected from NR2B***
mice were exclusively mediated via NR1/NR2A receptors. For
all three genotypes, Mg”> " washout increased 3—4-fold the ampli-
tudes of NMDA EPSCs at —40 mV, whereas changes of ampli-
tudes at +40 mV were negligible (Fig. 1,A and B). Thus, the
sensitivity to Mg® " block is comparable for synaptic NMDARs of
the three genotypes.
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TABLE 1

Deactivation kinetics and sensitivity to CP-101,606 (10 um) for NMDA EPSCs recorded in CA1 neurons of wild-type, NR2A~'~, and NR2B*"® mice
at —40 and +40 mV in the presence and absence of Mg?*

The decay time constants and the —40 mV/+40 mV ratios were determined between P27 and P48. For each genotype, # indicates significance following Mg>" washout for
decay time or between 1 and 0 mm Mg?* for experiments with CP-101,606 (#, p < 0.05 and ##, p < 0.001); t indicates significance between —40 and +40 mV regarding decay
time (1, p < 0.05 and 1, p < 0.0001); * indicates significance between P5 and P27-P48 (*, p < 0.05; **, p < 0.01; and ***, p < 0.0001). Compared with both NR2 mutants,
NMDA EPSC decay time in wild type was distinct (p < 0.0001) but not halfway. For statistics between genotypes, see figures and text. The number of cells is indicated in

parentheses.

Genotype Analysis of Membrane potential 1 mm Mg** 0 mm Mg>*
mV ms ratio ms ratio
WT Decay time —40 54 + 1.67 (37) 046 * 001 (37) 97 + 5.71## (37) 0.69 = 0.04 (37)
+40 119 = 3.30tt (37) 148 = 8.99##,t1 (37)
NR2A™'~  Decay time —40 233 * 18.60 (9) 0.76 = 0.05 (9) 306 = 16.64# (9) 1.02 %+ 0.03 (9)
+40 307 + 16.18 (9) 302 + 18.32 (9)
NR2B**  Decay time —40 25 = 1.20 (9) 0.49 = 0.03 (9) 34 = 3.24# (9) 0.60 = 0.05 (9)
+40 52 + 2,941+ (9) 57 + 354t (9)
P5 (%) P27-P48 (%) P5 (%) P27-P48 (%)
WT Reduction by CP-101,606  —40 57 = 5.19(7) 14 + 445" (7) 68 = 2.89 (6) 55 = 4.08##, (9)
+40 46 * 5.35 (7) 17 + 5.39* (7) 62 + 2.80% (6) 52 + 3.44# (9)
NR2A™'~ Reduction by CP-101,606 —40 50 + 541 (7) 80 *+ 3.83## (7)
+40 40 £ 7.86 (7) 75 * 4.53# (7)
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FIGURE 1.Mg?* sensitivity of amplitudes and of deactivation kinetics of NMDA EPSCs in adult wild-type, NR2A~/~, and NR2B*"® mice. A, representative
averaged current traces of pharmacologically isolated NMDA EPSCs (GABA,R and AMPAR antagonists) recorded in CA1 cells before (black) and after (gray)
Mg?* washout for wild-type, NR2A™/~, and NR2B*® mice. Blue traces at —40 mV show black traces scaled to the amplitude of gray traces. B, bars showing peak
ratios of NMDA EPSCs and illustrating effects of Mg?* washout on amplitudes at —40 mV (downward) and +40 mV (upward). The basis of the bars at 0 is marked
by a white line. At —40 mV, NMDA EPSCs similarly (p = 0.35, ANOVA) increased 3-4-fold (WT,3.77 = 0.24,n = 32, ##,p < 0.0001 paired ttest; NR2A "/~ mice,3.16 = 0.48,
n'=9,##,p < 0.001; NR2B*,4.12 + 0.51,n = 7, ##,p < 0.001). At +40 mV, NMDA EPSCs remained unchanged (WT, 0.97 + 0.05,n = 32, p = 0.31; NR2A~'~,0.86 *+
0.07,n=9,p = 0.08;NR2B**,1.07 = 0.09,n = 7,p = 0.34),and the changes at —40 mV were not different between genotypes (p = 0.31 ANOVA). C, bars show averaged
decay time constants (T: aU,eighted) of NMDA EPSCs in the presence (black bars) and absence (gray bars) of Mg®" at —40 mV (downward) and +40 mV (upward).
Compared with wild type, NMDA EPSCs were slower in NR2A™/~ mice and faster in NR2B*™® mice (**, p < 0.0001 ANOVA). At —40 mV, decay changes caused by Mg**
washout were more pronounced in wild type than in the two NR2 mutants (WT, 80.83 *+ 8.72%, n = 37, ##,p < 0.0001; NR2A™'~,37.47 + 13.66%,n = 9, #,p < 0.01;
NR2BA®,36.50 + 11.73%, n = 9, #, p < 0.05). At +40 mV, decay changes occurred exclusively in wild type (WT, 23.12 =+ 5.67%, n = 37, ##,p < 0.001; NR2A™'~,0.60 +
6.01%,n = 9,p = 0.77; NR2B*®,11.01 = 5.48%,n = 9,p = 0.10).

Mg Sensitivity of NMDA EPSC Decay Time Reveals Pres-
ence of NR1/NR2A/NR2B Receptors in Synapses of Adult Wild-
type Mice—Consistent with recombinant diheteromeric
NMDARs (6, 16, 34), NR1/NR2B receptor-mediated NMDA
EPSCs in CA1 synapses of NR2A ™'~ mice decayed significantly
slower than NR1/NR2A receptor-mediated NMDA EPSCs in
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NR2B**" mice (approximately 9-fold slower at —40 mV and
about 6-fold slower at +40 mV; Fig. 1C and Table 1). This
difference was observed in the presence of Mg>* as well as
following washout of Mg>", which prolonged the decay time
constants of NMDA EPSCs, consistent with previous findings
(37). In wild-type mice, the decay time of NMDA EPSCs was
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FIGURE 2. Voltage dependence of NMDA EPSC deactivation kinetics in adult wild-type, NR2A~'~, and NR2B*"® mice. Averaged representative current
traces show NMDA EPSCs at +40 mV in black (A, normal Ringer’s solution containing 1 mm Mg?*) or in gray (B, Mg?* -free Ringer’s solution), and NMDA EPSCs
recorded at —40 mV were inverted and scaled to EPSCs at +40 mVin red. A, bar diagram shows the ratio of Tau,yeighted —40/TaUyyeightea T40 MVin the presence
of TmmMg?* (WT,0.46 = 0.01,n = 37, ##,p < 0.0001; NR2A™/~,0.76 = 0.05,n = 9, #,p < 0.05; NR2B*",0.49 = 0.03,n = 9, ##,p < 0.0001). Voltage dependence
of decay was reduced in NR2A™/~ mice compared with wild-type and NR2B*F® mice (¥, p < 0.01 ANOVA) and was similar in wild-type and NR2B**® mice (p > 0.05
ANOVA). B, same as A, but in the absence of Mg2™* (WT, 0.69 * 0.04, n = 37, ##,p < 0.0001; NR2A~/~,1.02 + 0.03,n = 9, p = 0.94; NR2B*"®,0.60 + 0.05,n = 9,
##,p < 0.0001). The Mg?*-independent voltage dependence of decay in wild-type and NR2B*"® mice was different from NR2A~'~ mice (¥, p < 0.01 ANOVA) and

was similar in wild-type and NR2B* mice (p > 0.05 ANOVA).

distinct (» <0.0001 ANOVA) and intermediate but not halfway
compared with that in both NR2 mutant mouse lines.

Notably in dentate gryrus granule cells (37), the NMDA
EPSC decay time slowed down during Mg>* washout more at
negative than at positive membrane potentials. We also found
this difference for NMDA EPSCs in CA1 synapses for all three
genotypes, but to different extents. The slowdown of the
NMDA EPSC decay time was more pronounced for wild type
than for both NR2 mutants at —40 mV (Fig. 1C). At +40 mV,
the decay time of NMDA EPSCs slowed down only for wild-
type mice, but remained unchanged for NR2A '~ and NR2B**
mice (Fig. 1C). Thus, removal of Mg>" changed the deactiva-
tion kinetics of NMDA EPSCs at negative and positive poten-
tials in wild type, but exclusively at negative potentials and to a
lesser extent in both NR2 mutants. To our knowledge, this
observation during single-pulse stimulation provides the first
evidence that a population of NMDARSs distinct from dihetero-
meric NRI/NR2A and NR1/NR2B receptors contributes to
NMDA EPSCs in wild-type hippocampal slices.
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Voltage Dependence of NMDA EPSC Decay Time Points to a
Minor Contribution of NR1/NR2B Receptors to NMDA EPSCs
in Adult Wild-type Synapses—In wild type, Mg>" confers volt-
age dependence to the decay time of NMDA EPSCs, with
slower kinetics at depolarized potentials (38). Even in the
absence of Mg®*, NMDA EPSCs decay slower at depolarized
potentials (37, 39), which has been modeled recently (40). To
estimate the voltage dependence of decay for NMDA EPSCs
recorded in wild-type, NR2A ~/~, and NR2B*** mice, we calcu-
lated the —40 mV/+40 mV ratio of the decay time constants
using the values illustrated in Fig. 1C. In the presence of Mg>™,
NMDA EPSCs in NR2A™'~ mice displayed a significantly
reduced voltage dependence compared with wild-type and
NR2B*** mice (Fig. 2A). This genotypic difference was also
observed in the absence of Mg>*. NMDA EPSCs still decayed
slower at positive than at negative potentials in wild-type and
NR2B*** mice, whereas the decay time of NMDA EPSCs in
NR2A~'~ mice was similar at —40 and +40 mV (Fig. 2B).
Hence, in the absence as well as presence of Mg>" voltage
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dependence of NMDA EPSC decay kinetics is different for pure
synaptic diheteromeric NMDARs.

Based on the above observations, pure NR1/NR2A and NR1/
NR2B receptors unlikely mix in equal proportions in synapses
of wild-type mice because the voltage dependence of NMDA
EPSC decay did not occur halfway between that of the pure NR2
subtypes in wild type. Furthermore, NR1/NR2B receptors with
their distinct voltage dependence of decay contribute at best to
a minor extent to NMDA EPSCs in adult wild-type mice
because the voltage dependence of NMDA EPSC decay kinetics
is similar for NMDARSs in wild-type mice and for NR1/NR2A
receptors in NR2B*** mice. In contrast, the NMDA EPSC decay
time in wild type is intermediate between both NR2 mutants at
negative and positive potentials (see above). Thus, in wild type
synaptic triheteromeric NR1/NR2A/NR2B receptors mediate
NMDA EPSCs with slower deactivation kinetics than dihetero-
meric NR1/NR2A receptors, but NR1/NR2A/NR2B and NR1/
NR2A receptors display similar voltage dependence of decay. In
summary, our analysis of voltage dependence and decay time of
NMDA EPSCs in three genotypes strongly suggests that
NMDA EPSCs elicited by low frequency stimulation in adult
CA3-to-CA1 synapses of wild-type mice are mainly mediated
by NR1/NR2A and NR1/NR2A/NR2B receptors.

Pharmacology Reveals Presence of NR2B-containing Recep-
tors in CA1 Synapses throughout Development—In addition to
characterizing the NMDAR composition in synapses of adult
wild-type mice by subtype-specific kinetic properties with the
help of NR2A and NR2B mutant mice (Figs. 1 and 2), we next
used a pharmacological approach in neonatal versus adult mice.
The NR2B-directed NMDAR antagonist CP-101,606 (10 um)
reduced NMDA EPSCs in the absence of Mg>" in neonatal
wild-type mice by about 65% and in adult mice by about 50%
(Fig. 34 and Table 1). Given that NR1/NR2B receptors contrib-
uted to NMDA EPSCs only to a minor extent under our exper-
imental conditions in adult hippocampal synapses (Figs. 1 and
2), the 50% reduction by CP-101,606 in adult mice must result
from antagonism of NR1/NR2A/NR2B rather than NR1/NR2B
receptors. NR1/NR2A/NR2B receptors likely contribute to
NMDA EPSCs more than 50%, because CP-101,606 (10 wum)
antagonizes recombinant NR1/NR2B receptors in the absence
of Mg>* only up to 80-90% (41, 42).

Previous studies demonstrated a developmental decrease in
the sensitivity of NR2B-directed NMDAR antagonists in vari-
ous brain regions (43— 47), explained by a postnatal increase in
NR2A expression (6, 8, 26, 48). Under our experimental condi-
tions in 0 mm Mg?*, the sensitivity of CP-101,606 only moder-
ately decreased during postnatal development and did not
change at +40 mV (Fig. 34). When repeating this experiment
in presence of a physiological Mg>* concentration (1 mm), the
sensitivity of CP-101,606 significantly decreased at both mem-
brane potentials during postnatal development (Fig. 3B), indi-
cating that recording conditions can influence the sensitivity of
CP-101,606 (see also Fig. 4 for experiments in NR2A ™/~ mice).

In cultured cortical neurons, extracellular Mg2+ was found
to reduce the apparent receptor affinity for ifenprodil (49), the
first described NR2B-directed NMDAR antagonist. We used
ifenprodil <10 M, i.e. at 3 uM, which provides a selective block
of NR2B-containing NMDARs (42). Consistent with
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FIGURE 3. Effects of CP-101,606 on NMDA EPSCs in neonatal versus adult
wild-type mice. Averaged representative current traces show NMDA EPSCs
at —40 and +40 mV in the absence (A, gray) and presence (B, black) of Mg**
before and after (faint gray) perfusion of CP-101,606 (10 um; 20 min). A, reduc-
tion of NMDA EPSCs recorded in Mg?*-free Ringer’s solution by CP-101,606
forneonatal and adult mice (at —40 mV: neonatal, 68.18 * 2.89%, n = 6; adult,
54.98 = 4.08%,n =9, 1, p < 0.05 unpaired t test; at +40 mV: neonatal, 61.53 =
2.80%, n = 6; adult, 52.0 = 3.44%, n = 9, p = 0.07). B, same as A, but in
presence of 1 mm Mg?™ (at —40 mV: neonatal, 57.47 + 5.19%, n = 7; adult,
1447 = 445%, n = 7, ttt, p < 0.0001 unpaired t test; at +40 mV: neonatal,
46.01 = 5.35%, n = 7; adult, 17.0 £ 5.39%, n = 7, 11, p < 0.01).

CP-101,606, the sensitivity of ifenprodil did not decrease dur-
ing postnatal development in the absence of Mg?" either at
—40 mV (neonatal, 35.74 = 9.25%, n = 6; adult, 40.03 = 2.66%,
n=7;p = 0.68 unpaired ¢ test) or at +40 mV (neonatal, 29.94 *
5.70%, n = 6; adult, 39.29 = 7.52%, n = 7; p = 0.35 unpaired ¢
test). By contrast, the sensitivity of ifenprodil decreased in the
presence of Mg>™, i.e. NMDA EPSCs even increased at both
membrane potentials in adult synapses (p < 0.0001 unpaired ¢
test), at —40 mV (neonatal, 50.70 * 6.80%, n = 9; adult,
—38.86 = 10.14%, n = 7) and at +40 mV (neonatal, 52.93 *=
8.46% n = 7; adult, —18.61 = 6.69%, n = 7).

In summary, Mg”> " influenced the sensitivity of CP-101,606
and ifenprodil. Furthermore, the strong peak reduction of
NMDA EPSCs in adult mice in the absence of Mg>" by these
two antagonists indicates that NR2B-containing NMDARs
remain present in hippocampal synapses throughout postnatal
development, reflecting a successive replacement of NR1/
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FIGURE 4. Effects of CP-101,606 on NMDA EPSCs in adult NR2A~/~ mice.
Averaged representative current traces show NMDA EPSCs at —40 and +40
mV in the absence (A, gray) and presence (B, black) of Mg?" before and after
(faint gray) perfusion of CP-101,606 (10 um). A, in Mg?*-free Ringer’s solution,
CP-101,606 reduced NMDA EPSCs at —40 by 80.33 = 3.83% (n = 7) and +40
mV by 75.13 + 4.53% (n = 7). B, in the presence of 1 mm Mg?*, reduction of
NMDA EPSCs by CP-101,606 was reduced compared with Mg®*-free condi-
tions (—40mV, p <0.001; +40 mV, p < 0.01 unpaired t tests; reduction at —40
mV,49.90 = 5.41%,n = 7; +40 mV, 39.71 * 7.86%, n = 7).

NR2B receptors by NR1/NR2A/NR2B receptors. Interestingly,
even in cultured neurons, NR1/NR2A/NR2B receptors appear
to be specifically targeted to, and incorporated into, nascent
synapses (27).

Extracellular Mg®" Concentration and NMDAR Subtype
Affect Sensitivity of CP-101,606—Extracellular Mg>* influ-
enced the sensitivity of CP-101,606 (Fig. 3 and Table 1). In neo-
nates, NMDA EPSCs showed a trend to be less inhibited in 1
than in 0 mM extracellular Mg®" (p = 0.11 at —40 mV; p = 0.05
at +40 mV; unpaired ¢ tests), whereas in adult mice, NMDA
EPSCs were more reduced in absence than presence of Mg*"
(p <0.0001 at —40 mV; p < 0.001 at +40 mV; unpaired £ tests).
Thus, the extent of Mg2+ influence on CP-101,606 sensitivity
may depend on the presence of different NR2B-containing
NMDARSs in neonatal versus adult synapses.

To investigate the influence of Mg>" on the sensitivity of
CP-101,606 independent of NR1/NR2A/NR2B receptors, we
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examined the effect of CP-101,606 on NMDA EPSCs in CA1
cells of adult NR2A ™'~ mice, which contain only NR1/NR2B
receptors. In the absence of Mg>", NMDA EPSCs were reduced
by about 80% (Fig. 44), which is comparable with the maximal
antagonism of recombinant NR1/NR2B receptors (80-90%;
(Refs. 41 and 42). In the presence of Mg>", the effect of
CP-101,606 was significantly reduced (p < 0.001 at —40 mV;
p <0.01 at +40 mV; unpaired ¢ tests; Fig. 4B). This confirms in
NR2A™'~ mice that the sensitivity of CP-101,606 is enhanced
in the absence of Mg”*. Because the reduction of the CP effect
by Mg>" is more pronounced for NMDARs in adult wild-type
than for NR1/NR2B receptors in NR2A ™/~ mice (p < 0.001
unpaired ¢ test, Fig. 3 versus p < 0.01 unpaired ¢ test, Fig. 4), the
absence of Mg®>" seems to strengthen the antagonism by
CP-101,606 even more for triheteromeric NMDARs. Thus,
antagonism is reduced by presence of NR2A (27, 50, 51) and
also by the presence of Mg®*, as shown in Figs. 3 and 4 (see
also 49).

DISCUSSION

Key to this study was the analysis of voltage dependence of
NMDA EPSC decay time in combination with the use of NR2B-
directed NMDAR antagonists in the absence of Mg>" in acute
hippocampal slices of wild-type and two lines of gene-targeted
mice, NR2A '~ and NR2B**” mice. Our results ascertain the
presence of NR2B-containing NMDARs in CA3-to-CAl syn-
apses throughout development and identify triheteromeric
NR1/NR2A/NR2B receptors as a prominent NMDAR popula-
tion in CA1 synapses of adult wild-type mice.

Triheteromeric NMDARs form without doubt, but testing
their relative abundance and relative distribution within and
outside synapses is delicate. Biochemical approaches analyzing
membrane fractions yielded different amounts of trihetero-
meric NMDARs even within the same brain structure (23-26,
29) because of technical limitations shared among all biochem-
ical studies of NMDARs as discussed in the most recent study
(29). To identify different NMDAR subtypes within distinct cir-
cuits, e.g. in CA3-to-CA1 synapses, electrophysiologists usually
test the sensitivity of NMDA EPSCs to NMDAR antagonists,
which were primarily characterized for recombinant dihetero-
meric NMDARs. This approach allows conclusions regarding
NR2B-containing (NR2B-type) NMDARs but lacks a rigorous
distinction between di- and triheteromeric NMDARs. During
the first postnatal week, NMDA EPSCs in CA1l neurons are
highly sensitive to NR2B-directed NMDAR antagonists (our
study; 44 —47). In adult wild-type mice, our experiments show
that CP-101,606 reduced NMDA EPSCs about 50%. Similarly,
ifenprodil and its derivative R025-6981 reduced NMDA EPSCs
in adult mice by approximately 40% (our study; 39, 52-56).
Thus, experiments with NR2B-specific antagonists support
that NR2B-containing NMDARs remain present in hippocam-
pal synapses throughout development.

The presence of NR2B in adult hippocampal synapses is con-
sistent with previous studies (12—15) and with our analysis of
the NMDA EPSC decay time following single-pulse stimulation
in acute slices of the three genotypes. In the absence of Mg>™,
synaptic NR1/NR2B receptors deactivated 6-9-fold slower
than synaptic NR1/NR2A receptors, the decay time of NMDA
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EPSCs in adult wild-type mice was 2—3-fold slower than the
respective decay time for NR1/NR2A receptors in NR2B*™
mice. Thus, the NMDA EPSC decay time in wild type was not
halfway of that of the diheteromeric NMDARs and argues
against a 50% contribution of NR1/NR2B receptors to NMDA
EPSCs in wild type. Certainly, our demonstration that the volt-
age dependence of NMDA EPSC decay is distinct for NR1/
NR2B and NR1/NR2A receptors in the absence and presence of
Mg>" argues for a definite presence of NR1/NR2A/NR2B
receptors in adult synapses. If NR1/NR2B receptors were
approximately 50% (to predominate) in adult wild-type hip-
pocampal synapses, their distinct voltage dependence of decay
would have caused a bigger —40/+40 mV ratio of decay time
constants than observed. In fact, the voltage dependence of
decay is not significantly different in adult wild-type and
NR2B*** mice. Consequently, the NR2B-containing receptors
in CA1 synapses of adult wild-type mice represent mainly NR1/
NR2A/NR2B receptors. These receptors mediate NMDA
EPSCs with slower deactivation kinetics than NR1/NR2A
receptors reminiscent of NR2B but at the same time exhibit the
NR1/NR2A characteristic voltage dependence of decay. Thus,
presence of NR2B in NR1/NR2A/NR2B receptors slows the
deactivation, whereas presence of NR2A confers the voltage
dependence of decay. This arrangement in triheteromeric
NMDARs generated a new property of NMDARs that cannot
be explained by a mixture of diheteromeric NR1/NR2A and
NR1/NR2B receptors.

Outside synapses, live surface labeling detected a similar dis-
tribution of NR2A and NR2B (57), which may reflect the find-
ing of a recent quantitative biochemical study, showing that
NR1/NR2A, NR1/NR2B, and NR1/NR2A/NR2B receptors
each constituted approximately one-third of the total NMDAR
population at P7, P42, and 6 months (29). On the other hand,
constant proportions of the three NMDAR subtypes through-
out development in whole hippocampus are not in agreement
with the increasing NR2A/NR2B ratio during development (6,
7,48). In particular, the synaptic NMDAR content changes dur-
ing development and is indicated by two facts, as reported in
this and previous studies: (i) the decay time constant of NMDA
EPSCs decreases during development because of the increasing
NR2A expression and (ii) the sensitivity to NR2B-directed
NMDAR antagonists usually decreases (for review, see e.g.
Ref. 58).

We also observed a developmental decrease in the antagonist
sensitivity of ifenprodil and CP-101,606 in wild-type mice as
long as we recorded NMDA EPSCs in the presence of Mg>".
This was not observed in the absence of Mg”>" and suggested
that recording conditions influence the sensitivity of both
NR2B-directed NMDAR antagonists in slices. We confirmed
this possibility for CP-101,606 in adult NR2A '~ mice, which
lack NR1/NR2A and NR1/NR2A/NR2B receptors, by showing
that NMDA EPSCs were antagonized by CP-101,606 more
strongly in the absence than presence of Mg>*. This influence
of Mg>" appears to be restricted to native NMDAR channels
(our results; 49) because ifenprodil antagonized recombinant
NR1/NR2B receptors to similar extents in the absence and
presence of Mg®" (51). Yet, the 80% reduction of NR1/NR2B
receptor-mediated NMDA EPSCs by CP-101,606 observed
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under Mg? " -free conditions (=4.5 um) is close to the maximal
(80-90%) reduction of agonist currents mediated by recombi-
nant NR1/NR2B receptors (41, 42). Thus, to achieve maximal
antagonism by NR2B-directed NMDAR antagonists in slices,
the absence of Mg>" is recommended. This is particularly
important when triheteromeric NMDARSs are present because
in the presence of Mg”>" antagonism by CP-101,606 of NR1/
NR2A/NR2B receptors is more constrained than that of NR1/
NR2B receptors. This latter conclusion is based on the obser-
vation that the reduced sensitivity of CP-101,606 in presence of
Mg>" was more pronounced in wild-type than in NR2A ™/~
mice (p < 0.001 unpaired ¢ test, Fig. 3 versus p < 0.01 unpaired
t test, Fig. 4).

In heterologous cells, ifenprodil binds with high affinity to
both NR1/NR2B and NR1/NR2A/NR2B receptors, but cur-
rents mediated by these subtypes are reduced to different
extents. NR1/NR2A/NR2B receptors were reduced by about
20% (51), whereas NR1/NR2B receptors were maximally inhib-
ited, which is 80 -90% (41, 42). This low sensitivity of recombi-
nant triheteromeric NMDARs for ifenprodil (51) may be
enhanced for the ifenprodil derivatives, CP-101,606 and Ro25-
6981, which have higher affinity for NR1/NR2B receptors than
ifenprodil (42, 59, 60), but this possibility remains to be tested
electrophysiologically on recombinant NR1/NR2A/NR2B
receptors. CP-101,606 and Ro25-6981 were previously pro-
posed to represent two classes of NR2B-directed NMDAR
antagonists (59). Ro25-6981 was found to bind with similarly
high affinities to both NR1/NR2B and NR1/NR2A/NR2B
receptors (61), whereas binding of CP-101,606 was significantly
reduced by the presence of another NR2 subunit within recom-
binant NMDAR complexes (59). Unfortunately, this distinction
did not apply when examining the sensitivity of NMDA EPSCs
to CP-101,606. In adult hippocampal synapses, the 50% reduc-
tion of NMDA EPSCs by CP-101,606 that we observed in the
absence of Mg®" and others observed with ifenprodil and
Ro25-6981 in absence or presence of Mg ™ (39, 52—56) strongly
suggests that NR2B-directed NMDAR antagonists block NR1/
NR2A/NR2B receptors in neurons >20% because NR1/NR2B
receptors contribute to a minor extent to NMDA EPSCs at this
developmental stage. In summary, ifenprodil and its derivatives
are NR2B-directed but not NR1/NR2B-selective antagonists.
Furthermore, the 50% reduction of NMDA EPSCs by
CP-101,606 identifies triheteromeric NMDARs as the foremost
NMDAR subtype in adult synapses.

The existence of triheteromeric NMDARs in adult mice
raises the question as to their function. Because it is impossible
to examine this NMDAR population in isolation, the role of
NR1/NR2A/NR2B receptors remains speculative. Regarding
synaptic plasticity, the magnitude of NMDAR-dependent LTP
and charge transfer during induction by low frequency stimu-
lation correlate in hippocampal synapses of 4 —7-week-old mice
(31, 62). The presence of NR2B in NR2A~'~ mice preserves
LTP (62, 63), and the lack of NR2B in CA1 neurons of NR2B**
mice impairs LTP and memory (31), indicating that the pres-
ence of NR2B within NR1/NR2A/NR2B receptors in adult
wild-type mice is crucial for charge transfer during hippocam-
pal LTP induction, learning, and memory. Furthermore, the
presence of NR2B within synaptic NMDARs could be essential
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at all developmental stages for the following reasons. NR2B
appears to play a dominant role in the trafficking of NR2A/
NR2B-containing NMDARs in vivo (64), and NR2B compared
with NR2A allows binding with higher affinity to molecules
important for NMDAR signaling, e.g. CaMKII (14, 65, 66), ras-
GRF1 (67), and SynGAP (68).
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